Objective: To examine the interaction of the cytokines interleukin-1 receptor antagonist (IL)-1Ra, IL-6 and IL-10 to predict preterm birth (PTB) in pregnant Hispanic women (n ¼ 470).
Introduction
Preterm birth (PTB), birth before 37 weeks gestation, is the leading cause of neonatal morbidity and mortality, with tremendous health and economic costs for infants, families and society. 1 PTB accounts for as many as 75% of perinatal deaths in the United States. Surviving infants are at increased risk for serious long-term health consequences including cerebral palsy, chronic lung disease, neuromuscular disabilities, visual and hearing impairments, and motor, cognitive, behavioral, social-emotional and growth problems. 2, 3 The economic burden for this major public health issue in the United States is estimated to be $26.2 billion. 4 PTB is thought to be a syndrome initiated by multiple pathological mechanisms, including inflammatory processes. 5, 6 However, typical indicators of infection such as elevated white blood count may not be present. In fact, cytokines, the biologic markers of inflammation, may be key indicators of the inflammatory pathway to PTB. 4, 7 Interleukin-1 (IL-1), and especially IL-1 beta (b) is often regarded as the most potent mediator of inflammation. Together with tumor necrosis factor-a, it stimulates the amnion, decidua and myometrium to produce prostaglandin. 8 IL-6 stimulates production of acute phase proteins that accompany inflammatory disease and stimulate the production of enzymes needed for prostaglandin synthesis, 8, 9 while IL-8 has been posited to be important in cervical ripening. 8 These pro-inflammatory cytokines, especially those that stimulate prostaglandin E 2a , are believed to mediate the initiation of preterm labor. 8, 10 Conversely, IL-10 is thought to inhibit the synthesis of IL-1, thereby keeping the immune response in check. 9 Additionally, increased transforming growth factor b assists in regulating progesterone, a hormone important for the maintenance of pregnancy. 8 Moreover, IL-1 receptor antagonist (IL-1Ra) is a natural inhibitor of the pro-inflammatory effects of IL-1b, preventing IL-1b from sending signals to the cells; whenever IL-1b is produced, production of IL-1Ra occurs as well. Thus, IL-1Ra is considered as a marker of IL-1b production. 11 Cytokines interact in a complex, non-linear way and can have both synergistic and antagonistic relationships with other cytokines. 9, 12, 13 For example, IL-1 stimulates the production of IL-6 9 while IL-6 has an inhibitory effect on IL-1 production, providing important negative feedback. 9 The synergistic relationship of IL1-b and IL-6 leads to an increase in the synthesis of oxytocin receptors in the myometrium.
12,14 IL-10 inhibits the production of IL-1 and downregulates the expression of antigens by cells, which assists in keeping the immune response in check. amniotic fluid, urine, cervical and/or vaginal secretions, and placental tissue. Maternal blood samples have shown the highest levels of IL-6, IL-1b and IL-8 associated with PTB. [15] [16] [17] [18] [19] [20] [21] Others have reported increased levels of tumor necrosis factor-a, IL-12 and IL-18 in maternal blood in PTB. 19 Increased levels of interferon g with PTB have also been reported. 22, 23 However, the studies about levels of anti-inflammatory cytokines in maternal blood in relation to PTB are limited and the results are inconsistent. For example, Blanco-Quiros et al. 24 reported increased levels of IL-10 with PTB, but Makhseed et al. 23 found IL-10 levels decreased with PTB. In other studies, levels of transforming growth factor b-1 and granulocyte colony stimulating factor were increased with PTB. 19, 25 In addition, cytokine profiles are confounded by other variables. For example, higher levels of tumor necrosis factor-a and IL-1b in amniotic fluid were found in African American women experiencing PTB as compared with Caucasian women. 15 Conversely, among Caucasian women experiencing PTB, IL-8 was higher than in African American women. 26 In Hispanic women, acculturation has been recently implicated as predicting IL-10 levels and PTB. 27 Maternal preeclampsia has been reported to be associated with elevated levels of IL-6 28 and women with gestational diabetes have been reported to have higher levels of IL-6 and lower IL-10 levels. 25 Either overweight or obesity during pregnancy is another factor affecting cytokine levels and inflammation, 29 as is age. 30 Infections have also been implicated in the pathogenesis of PTB in conjunction with pro-inflammatory cytokines, particularly IL-6. 31 Prior PTB increases the risk of, subsequent PTB 32 possibly because of changes in cytokines and inflammation, and is thus, another potential confounder. Additionally, gravidity, or number of pregnancies, as well as social context, for example, marital status, that may increase psychological stress, needs to be considered when analyzing inflammation and cytokine levels. 33 This study analyzed the interactions of two cytokines, IL-1Ra and IL-6, as well as interactions with IL-10, one of the major anti-inflammatory cytokines, in predicting PTB in Hispanic women, an understudied and ethnically at risk population.
Methods

Setting and participants
The Institutional Review Board at the primary universities approved the study and all participants provided signatures for informed consent. A convenience sample was used with non-consecutive sampling from 11 obstetrical sites. Participants from the Houston/Gulf Coast area were selected from a community clinic in Pasadena, Texas (n ¼ 68). The majority of these participants were self-pay or state-funded. Participants from the San Antonio/South Texas area were selected from five private-practice physicians in south San Antonio (n ¼ 172); the majority of these had Medicaid. In the Central Texas area, participants were selected from five Austin community clinics (n ¼ 279) and were primarily self-pay or state-funded.
Data were collected between 2003 and 2007 from women at 22 to 24 weeks gestational age and birth outcomes were examined from the medical record. This gestation range was chosen as previous work has established this as an important time to measure biological factors associated with PTB. 34 The mean gestational age at the time of data collection was 22.76 weeks (s.d. ¼ 0.98). Before data collection, a power analysis based on estimates of 0.80 was conducted, indicating that a sample size of 470 women would be needed to detect moderate statistical effects with a<0.05. As a prelude to the current analysis that investigates PTB in logistic regression models, we conducted a sensitivity power analysis for a logistic regression model at the observed rate of PTB at 7% and the anticipated PTB rate of 12% to determine the smallest effect sizes that would be significant under these parameters. The power analysis for a sample size of 470, two-tailed a ¼ 0.05 and power ¼ 0.80, for a continuous-independent variable standardized in a z score format indicated that the minimal significant effect size that we could expect to observe was an odds ratio (OR) of 1.64 for a 7% PTB rate and 1.49 for a 12% PTB rate.
A number of criteria were used to select participants, including singleton intrauterine pregnancy at 22 to 24 weeks gestation confirmed by ultrasound and date of last menstruation, selfreported Hispanic ethnicity, ability to read or speak Spanish or English, and age between 14 and 40 years. Exclusion criteria were (1) known uterine or cervical abnormalities, (2) kidney disease, (3) heart disease, (4) autoimmune disorders, (5) diabetes requiring medication (that is, type 1 or 2 diabetes as diagnosed by the provider on the prenatal record) (6) asthma requiring use of steroid inhaler, (7) preeclampsia (as diagnosed on the prenatal record by the provider) at the time of data collection, (8) oral steroids 1 month before the time of enrollment, (9) congenital anomalies as determined by fetal ultrasound, (10) blood group isoimmunization, (11) active cervico-vaginal bleeding or placenta previa or (12) major (Diagnostic and Statistical Manual of Mental Disorders Version IV) diagnosis of a mental disorder. After procurement of maternal and infant outcomes, we retained women with gestational diabetes in the database only if they were diet controlled (n ¼ 18; 2 PTB); Participants with preeclampsia were incorporated in the analysis only if the diagnosis occurred after data collection at 22 to 24 weeks gestation (n ¼ 33; 5 PTB).
Procedures
Research nurses reviewed prenatal records of possible participants to ascertain pregnancies at <22 weeks gestation. Once gestation of 22 to 24 weeks was determined, participants were recruited either before or after routine prenatal doctor visits. Risks and benefits of the study were described to potential participants. If they consented to be in the study, data collections were scheduled for a separate time from the prenatal visit with the provider.
At the time of data collection, the research nurses obtained demographic data and obstetrical history data from the participants' charts. The nurses measured participants' height and weight and calculated body mass index using participants' pre-pregnancy weight, obtained from the chart. Local or systemic infections, including bacterial vaginosis were noted to control for infections that could affect cytokine levels. The nurses also drew 20 ml of venous blood, performed a speculum examination, and collected urine for drug screens and vaginal discharge on a microscope slide for later determination of bacterial vaginosis by Gram staining; the procedure has been previously described. 35 The urine samples were later tested to establish whether cotinine or illicit drugs were present. Data collection appointments were between 1200 and 1400 h to control for diurnal variations in plasma cytokine levels.
Assessment of PTB
Participant medical records were reviewed by the research nurses after birth for maternal and infant outcomes. To confirm accurate gestational age, an ultrasound at <20 weeks was used. PTB was defined as parturition before 37 weeks 0 days gestational age.
Cytokine analysis
After venipuncture, venous blood samples were immediately centrifuged at 2000 r.p.m. for 10 min. The plasma supernatant was then decanted and stored in polypropylene tubes at À801C. Highly sensitive enzyme-linked immunosorbent assays for IL-1Ra, Il-6 and Il-10 levels were used from R&D Systems (Minneapolis, MN, USA). The minimal detectable level was >2.15 pg ml À1 for IL-1Ra, >0.01 pg ml À1 for IL-6 and >0.5 pg ml À1 for IL-10 using high sensitivity kits. Assay results were read spectrophotometrically using a m-Quant Reader (Bio-Tek Instruments, Winooski, VT, USA). All assays were completed by the same laboratory technician who was blind to participant names and information. Each analyte had an interassay and intraassay variance <15%.
Data analysis
The distributional characteristics of the cytokines were examined before analysis to determine whether data transformations were necessary. Visual inspection of IL-1Ra and IL-6 indicated that the variables exhibited positive skew. A natural log transformation was applied to these variables, transforming both to reasonably normal distributions. The IL-10 distribution was characterized by a large number of zero values (22.1%), and the non-zero values exhibited a right-skewed distribution. Because there was a naturally occurring dichotomy in IL-10 and zero values cannot be transformed, we modeled IL-10 as a binary variable. For analysis, we standardized the log-transformed values of the IL-1Ra and IL-6 variables in a z score format to improve interpretation of coefficients in the logistic regression models (that is, the ORs can be interpreted as an increase in the probability of PTB per standard deviation change in the independent variables).
All data were analyzed using SAS statistical software (version 9.2, SAS Institute, Cary, NC, USA). Demographic and biological measures were analyzed descriptively using means for continuous variables and frequencies for categorical variables. A logistic regression model and estimated marginal effects were implemented using SAS PROC GLIMMIX (SAS statistical software). The dependent variable in the logistic regression model was PTB. The logistic regression model included all of the cytokines and all possible two-way interactions between the cytokines in a single model. In addition, the following covariates were included in the model: age (in years), body mass index, gravida, marital status, history of PTB, infection during pregnancy and preeclampsia.
Results
Sample characteristics
The study included 470 participants. Sample characteristics are presented in Table 1 . The mean gestational age for the sample at the time of data collection was 22.76 weeks (s.d. ¼ 0.98). Marital status was the only demographic with significant mean differences in IL-1Ra (F (1) ¼ 7.42, P ¼ 0.007). There was a significant difference between levels of gravida for IL-10 (F (3) ¼ 3.32, P ¼ 0.020). Tukey's multiple comparisons tests indicated the mean difference of 2.08 was significantly different (confidence interval (CI) ¼ 0.27, 3.93) between women who were pregnant for the first time versus women who were pregnant for the third time. The percentage of PTB was significantly higher for those with a previous PTB (w 2 (2) ¼ 5.20, P ¼ 0.023). Total infections during pregnancy before 24 weeks were not related to cytokine levels or percentages of PTB.
In addition to the characteristics shown in Table 1 , there were 33 preeclamptics noted at delivery in the total sample. There were no significant differences in cytokine levels between participants who were diagnosed with preeclampsia and those who were not. Therefore, we kept the women who delivered PTBs due to preeclampsia in the analysis (n ¼ 5). There were also 18 women with gestational diabetes noted at delivery. The levels of cytokines did not significantly differ between participants who had diabetes and those who did not, so data from these participants who delivered preterm (n ¼ 2) were also retained in the analysis.
There were 33 PTBs in the sample, with 28 spontaneous and five medically indicated due to preeclampsia. In all, 8 (24%) of the 33 preterm infants were <34 weeks gestation. Except for one mother using an opiate who delivered a term low birth weight infant, the use of drugs did not influence birth outcomes. In addition, the number of smokers was very low (n ¼ 3) and smoking was thus not used as a covariate.
We analyzed several demographic variables for differences in PTB. The sample had 58.3% (n ¼ 274) participants who had lived in the United States <10 years with a PTB rate of 5.1%, versus those participants who had lived in the United States >10 years (41.7%, n ¼ 196) who had a 9.7% PTB rate. We found similar results when examining whether the participants were foreign born or US born, with a 5% PTB rate for the foreign born participants (68% of the sample, n ¼ 320), and 10% (31.8% of the sample, n ¼ 150) for the US born participants.
Demographic and biological characteristics
We examined missing data patterns before analysis. Among the 470 participants, 4 (0.8%) were missing data on IL-10, leaving 466 participants with complete data on the variables of primary interest. We elected not to impute values for missing data since there was not sufficient data to do. To assess any potential bias due to the excluded cases, we conducted analyses without covariates, allowing us to make use of all of the eligible cases.
To limit the number of covariates and avoid an oversaturated model, we examined each of the demographic and biological characteristics individually as predictors of PTB in logistic regression models. The intent of the analysis was to provide the most conservative assessment of the relationship between each of these variables and PTB on our outcome of primary interest, because their unique effects could potentially be obscured in a multiple predictor model. Among the covariates we included in our final model, only history of PTB was a significant predictor of PTB (w 2 ¼ 4.79 (1468), P ¼ 0.029, OR ¼ 2.91). However, we also included premature rupture of membrane as a covariate; there was only one full-term birth mother and seven PTB mothers who had premature rupture of membrane. To rule out the possibility that including premature rupture of membrane in the model may have influenced our primary findings, we analyzed the data for only those who did not experience premature rupture of membrane. The IL-1Ra Â IL-6 interaction was not significant (P ¼ 0.159); however, the IL-1Ra Â IL-10 interaction was significant (P ¼ 0.003). We also analyzed the data for only those with preeclampsia and with a history of PTB to determine if these variables affected the results. When removing 33 cases with preeclampsia (5 of which resulted PTB in this study), the IL-1Ra Â IL-6 interaction was marginally significant (P ¼ 0.072) and the IL-1Ra Â IL-10 interaction was significant (P ¼ 0.003). When removing 37 cases with a history of PTB (6 of which resulted in PTB in this study), the IL-1Ra Â IL-6 interaction was marginally significant (P ¼ 0.068) and the IL-1Ra Â IL-10 interaction was significant (P ¼ 0.001). Thus, the P-values were slightly reduced in these subsamples and removing five and seven cases of PTB from the analysis reduced power by 5 and 9%,
respectively. There were 13 cases of positive bacterial vaginosis who had PTB by Nugent 0 s criteria and these were taken into account as the covariate infection during pregnancy in all the statistics presented.
Logistic regression model
Before fitting the logistic regression model, we assessed for collinearity in the independent variables. The highest correlation observed among the predictors was r ¼ 0.49 for age and gravida; the second largest correlation was r ¼ 0.25 for age and marital status. The largest correlation between cytokines was the point-biserial correlation between IL-1Ra and the binary version of IL-10 at r ¼ 0.14. The correlations were below the diagnostic collinearity cutoffs of r ¼ 0.9.
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Model results are presented in Table 2 . Because we were concerned with the ratio of non-PTB cases to PTB cases, we examined the two critical interactions in smaller models that included the variables in the interaction and two covariates, age and body mass index, that exhibited significant relationships to one or more of the cytokines. The interaction between IL-1Ra and IL-6 remained significant in the smaller model (w 2 ¼ 3.91, P ¼ 0.048) as did the interaction between IL-1Ra and IL-10 (w 2 ¼ 8.96, P ¼ 0.003). IL-1Ra was the only cytokine that had a significant main effect in the model; risk of PTB increased as the level of IL-1Ra increased. The interaction between IL-6 and IL-10 was not significant. However, there was a significant effect for the IL-1Ra and IL-6 interaction. Predictive values for the interaction are presented in Figure 1 . The interaction between IL-1Ra and Abbreviations: BMI, body mass index; IL-1, interleukin-1. Figure 1 Predicted probabilities of preterm birth as a function of interleukin-1 receptor antagonist (IL-1Ra) and IL-6. Predicted results in the figure are based on a model in which we dichotomized IL-6, to estimate the standard error of the difference for points on a continuous variable. IL-6 was dichotomized at the 80th percentile, which was representative of the point on the IL-6 continuum where significant differences emerged. Predicted probabilities are generated from the logistic regression model. Error bars represent half of a confidence interval (CI) on each line so that non-overlapping bars represent significant differences.
IL-10 was also significant, indicating that mothers with high IL-1Ra and non-detectable IL-10 were at greatest risk for PTB. Predictive values for the interaction are presented in Figure 2 . Following recommendations from Hosmer and Lemeshow, 37 we elected to not report ORs for variables involved in interactions as the exponent of the coefficient. Rather, we report ORs at the means of the other variables involved in interactions. The OR for IL-1Ra to predict PTB was 2.55 (95% CI ¼ 1.24, 5.24), the OR for IL-6 was 1.45 (95% CI ¼ 0.93, 2.28) and the OR for IL-10 was 2.52 (95% CI ¼ 0.50, 12.78). The observed power for these ORs was >0.99 for IL-1Ra, 0.50 for IL-6 and >0.99 for IL-10.
Discussion
Our results indicate that in pregnant Hispanic women aged 14 to 40 years, at 22 to 24 weeks gestation, IL-1Ra with IL-6 had a direct interaction while IL-1Ra interacted inversely with IL-10 to predict PTB. The finding that IL-1Ra, as a marker of the biological activity of IL-1b, predicts PTB is consistent with several other studies. 11, 18, 19, 21 In the study of 17 inflammatory markers, 19 high serum levels of IL-1b and IL-6 as well as other pro-inflammatory cytokines were associated with increased risk of PTB. Moreover, Vogel et al. 38 found that in women with a history of PTB, IL-6 was a marker of recurrent PTB. In our study, women who had a history of PTB had lower levels of IL-6 than those who did not; however, the difference was not significant. Our results are consistent with the idea that IL-1b may stimulate the production of IL-6. 9 However, the interaction between IL-1Ra and IL-6 was only weakly significant and is likely to be an example of a synergistic relationship that may be linked to oxytocin receptor synthesis in the myometrium of the uterus. 14 It is important to note in interpreting the results that changes in the pro-and anti-inflammatory cytokines in women with PTB potentially represent a subset of the women who deliver before 37 weeks. Moreover, multiple cytokines likely affect cells at the same time. Our data suggested an interaction of cytokines and cytokine receptor antagonists that may be related to the biological response. For example, the finding that the risk of PTB increases as IL-1Ra increases and when IL-10 is low may be an example of how the cytokines work antagonistically on the cells at the same time. Our results are consistent with previous studies that showed that in the relative absence of anti-inflammatory cytokines, the risk of labor is increased. 39 It warrants discussion that the PTB rate out of this sample was relatively low (7%). However, there were differences in the PTB rate by whether the participant had been born in the United States or lived in the United States >10 years. These data suggest that the risk of PTB increased the longer a woman lived in the United States and was exposed to American culture. This risk warrants further investigation as to possible causal mechanisms. Moreover, our findings are lower than the national PTB rate for Hispanics (12.2%) and much lower than the PTB rates for African Americans (18.1%).
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Our results are consistent with the results of prior studies that examined possible multifactorial causes of PTB. Romero et al. 41 described the cytokine network as redundant, indicating that the blockade of any single factor of a cytokine is insufficient to prevent PTB. Anti-inflammatory cytokines such as IL-10 decrease the inflammatory response and are thought to disturb the cascade of pro-inflammatory cytokines; thus, IL-10 is thought to be an important cytokine in safeguarding pregnancy. 41 Although IL-10 did not have a significant main effect on PTB in our study, as the results of earlier studies suggest, this finding may be associated with a biological bias toward Th1, or pro-inflammatory cytokines, and a less favorable predisposition to the Th2, or antiinflammatory cytokines. That is, it may be that it is the overabundance of pro-inflammatory cytokines in association with low levels of anti-inflammatory cytokines that is important in the cascade leading to PTB. 23 One limitation of our study is that it was cross-sectional in design. Therefore, we could not examine changes in the cytokines over pregnancy to identify critical periods in the prediction of PTB. Longitudinal studies of pregnancy biomarkers such as cytokines are evolving; 42 results indicate that a decrease in pro-inflammatory cytokines and an increase in counter-regulatory cytokines, particularly IL-10, are optimal for maintenance of pregnancy. Further study, however, is needed to clarify the trajectory of maternal inflammation during pregnancy to predict key periods of risk for PTB and to identify key times to initiate intervention. Another limitation was the use of a convenience sample, possibly increasing the risk of selection bias.
The major significance of the findings presented here is that cytokines operate in concert with each other. Studying single cytokines or even examining only all of one class of cytokines will not give the complete picture needed to understand relationships leading to PTB. Key areas for future research are examining the interactions among cytokines during pregnancy, including baseline or early pregnancy measurement, the balance of pro-inflammatory and anti-inflammatory cytokines, and the ways in which this balance or imbalance may affect pregnancy outcomes. Once predictors of pregnancy outcomes are identified, levels of various cytokines at particular time intervals may prove to be useful markers of pregnancy maintenance.
